After his return to England in 1932, Wormall continued to work in the Physiology Department at Leeds where his time was largely occupied in teaching biochemistry and physiology to medical, dental and science students. In spite of the pressure of a heavy teaching load, Wormall managed to carry out a considerable amount of research, published many papers and established a sound and increasing reputation as an able investigator in the field of immunochemistry. In the Department every effort was made to collaborate with other departments of the medical and dental schools, and with the medical and surgical teams in the hospital. Wormall believed in, and strongly supported, the closest arrangements possible that would allow his colleagues and students to take part in work with the clinical staff. From his experience up to this time and his close association with men of dis tinction and wide experience in different fields of research activity, Wormall prepared himself for the heavy responsibility that was to come later. In 1936 he was appointed as the first Professor of Biochemistry at St Bartholomew's Hospital Medical College, London, and he occupied this position with distinction until he died in 1964.
Wormall's first researches were made, probably as part of the third year of the degree course, in the Department of Organic Chemistry under Professor J. B. Cohen, F.R.S. and concerned the action of diazo salts on aromatic sulphonamides. Cohen had already interested several of his earlier students in the chemistry of biologically important substances and the products arising from living organisms, and several of these students, H. D. Dakin, H. S. Raper, P. Hartley, H. W. Dudley and H. Raistrick became distinguished in their own branches of biochemistry, and were eventually elected Fellows of the Royal Society. It seems highly probable that Wormall likewise came early under the influence of Cohen and, as the future was to show, was to become a member of the remarkable succession of biochemists originating from Leeds. In any event almost immediately after graduation we find Wormall working in the Department of Physiology and Bio chemistry. His first paper in The Biochemical Journal was published at this time and reported on the composition, in terms of inorganic and organic constituents, of the sap of the vine (Vitis vinifera L.). An older view had maintained that sap was merely a dilute solution of inorganic salts, whereas Wormall's results supported evidence obtained by Priestley and Armsted that organic substances, chiefly sugars and organic acids, were present. The work was extended with J. H. Priestley and summarized a few years later in a paper in the New P h y t o l o Wormall's however, were with H. S. Raper on the tyrosinase-tyrosine reaction, the oxidation of tyrosine by atmospheric oxygen. The results of the investigation emphasized the importance of the control of the pH of the solution when the influence of inhibitors or possible co-enzymes on the activity of tyrosinase is being studied. The evidence obtained indicated that the tyrosinase-tyrosine reaction could be represented as taking place in three stages.
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(1) Tyrosine + (tyrosinase) -fO->red pigment; (2) Red pigment->colourless substance (probably an intramolecular change); (3) Colourless substance+0-^m elanin; and that at no stage in the reaction is nitrogen split off as ammonia, as suggested earlier by other workers.
Wormall's investigations moved, in 1923, into the field of immunology and he became engaged with H. R. Whitehead and J. Gordon in studying the action of whole guinea-pig's complement on pancreatic extract. They demonstrated the rapid destruction of the so-called end-piece of comple ment, or albumin fraction, and observed that on longer hydrolysis both of the components recognized at that time were destroyed. Heated preparations of yeast and zymin were found to inactivate guinea-pig complement and this activity could be regained by the addition of serum inactivated by heating at 56 °C. The results supported the previous evidence of others that there was a 'third component' of complement that was relatively heat-stable. In the course of an examination of the action on complement of lipase preparations free from proteinase it was observed that the addition of ammonia, or ammonium salts and alkali, and incubation at 37 °C for a short time, destroyed the power of the complement to haemolyse sensitized red-blood cells. It was inferred that a 'fourth' factor was essential for the full com plementary activity by a mixture of the three components of guinea-pigcomplement already recognized. The newly-discovered 'fourth' component was non-dialysable and stable at 56 °C for 30 min. Serum in which the 'fourth' component is inactivated by ammonia nevertheless lost none of its opsonic activity. It appeared that many of the difficulties and discrepancies recognized at that time in work on complement could be, to some extent, explained more readily by the existence of a 'fourth' component. It is typical of the care which characterized all of Wormall's work that, feeling that this rapid multiplication in the number of components attributed to the mysterious serum factor, complement, would arouse considerable dubiety in many quar ters, he delayed publication of his findings for a full year, during which every experiment was meticulously checked until he was confident of the correct ness of his results and that no alternative explanation was admissible. Further work by Wormall and J. Gordon to determine a relationship between the bac tericidal power of normal guinea-pig serum and complement activity led to the conclusion that haemolytic complement and bactericidal complement systems had a similar if not identical constitution, and that the bactericidal system in normal guinea-pig serum consists of an immune body and complement.
Wormall's contribution to the clarification of the nature of serum com plement in terms of the chemistry of the reactive components was consider able, and stimulated many of the numerous investigations on this subject that were to appear from that time on.
In 1928 Wormall was awarded a Medical Research Council Fellowship, and elected to work with Dr Karl Landsteiner at the Rockefeller Institute, New York. He started to investigate, chemically, an aspect of immunology that had been studied since the early years of the century, the immunological specificity of chemically altered proteins. He determined conditions that would allow the introduction of halogen or nitro groups into proteins with the minimum possible change in the protein molecule, such as hydrolysis or denaturation. Wormall confirmed that iodo-proteins contained a 3,5-diiodotyrosine structure and that the loss of the positive Millon's reaction during halogenation runs parallel with the loss of the original species specificity of the protein. He obtained convincing proof that the new serological specificity engendered by halogenation of proteins depended on the presence of the 3,5-dihalogenated tyrosine grouping, because of the strong inhibitory effect of 3,5-dihalogenated tyrosine on the reaction between iodoprotein and iodoprotein antiserum, whereas other amino acids, iodophenol and potassium iodide have none. He also showed that the corre sponding bromo-and chloro-derivatives of tyrosine had a closely similar combining capacity for iodoprotein or bromoprotein antibodies. Wormall remarks-prophetically-that this type of inhibition reaction would possibly be useful for the determination of configuration or structure of chemically altered antigens. He also studied, while at the Rockefeller Institute, the influence on specificity of nitro-groups introduced into proteins. He was convinced that the earlier methods of nitration used by Obermayer and Pick in 1906 were unsatisfactory because of the extensive rupture of the protein molecule caused by the concentrated nitric acid used for nitration. Wormall nitrated with tetranitromethane in neutral or slightly alkaline solution, and found that the products reacted with antiserum to nitrated horse serum, or with the xanthoproteins (the products of the action of nitric acid on proteins) from any serum; and that the nitrated proteins reacted with any xanthoprotein antiserum. This immunological approach to protein structure was extended to a study of diazoproteins, from which he concluded that here the overlapping serological specificity of nitro-and diazo-proteins was due to the position of the substituent groups in the tyrosine nucleus, and suggested that both nitro-and diazo-proteins may have a quinoid structure, as had been assumed for orthonitrophenols many years earlier by Armstrong. Wormall also made the important observation that antisera to chemically modified protein antigens always react to a slightly greater extent with the fully homologous antigen than with antigens obtained by submitting other proteins to the same chemical treatment.
After his return to Leeds Wormall continued his immunochemical investigations, and studied the action of acid and alkali on the capacity of horse serum proteins to react with antibodies to the untreated serum proteins. He showed that alkali is more destructive than acid, but that with alkalinity up to pH 11 for 24 h at 19 °C the loss in serological reactivity is only moderate. Attempts were made to convert serum proteins rendered nonantigenic by alkali into full antigens by treatment with iodine, but this con version turned out to be less efficient than that brought about by nitration, as demonstrated earlier by Landsteiner. The results, however, supported the view that tyrosine molecules play a special part in determining antigenicity.
It was at this time, in the early 1930s, that studies on the chemistry of protein antigens were being vigorously pursued, and many methods for modifying the protein molecule and investigating its altered immunological reactivity were being undertaken. Most methods of modification were probably far too vigorous and introduced more than one kind of change. Wormall was very conscious of this and used a method of substitution, employing phenylwocyanate, first introduced many years earlier by H. S. Raper. This reagent was employed successfully by Folley who had described the preparation of a phenylwocyanate derivative of plastein. Using carefully controlled conditions in which the reaction of phenylwocyanate and serum globulin or caseinogen took place between pH 7 and 8, Wormall and S. J. Hopkins studied the chemistry, the antigenicity and specificity of the phenylureido-and/?-bromophenylureido-derivatives of horse serum globulin, caseinogen and gelatin. The results indicated that the reagents reacted with the e-amino groups of the lysine molecules in the protein, a conclusion supported by the demonstration that zein, a plant protein deficient in lysine, did not form uocyanate derivatives.
With Landsteiner's inhibition test Wormall demonstrated that antibodies to phenyluocyanate-protein compounds are strongly inhibited in their reaction with the homologous antigen by phenylureido-lysine, but not so strongly with the phenylureido derivatives of other amino acids. He also tried to determine whether the introduction of aromatic groups into the poorly antigenic gelatin molecule, which is practically devoid of aromatic amino acids, turns it into an effective antigen. His results indicated that the non-antigenicity of gelatin was not due solely to the absence of aromatic groupings in the molecule. This aspect ofWormaH's work was of great value at that time, for he had introduced a method of altering a protein molecule by the introduction of new chemical structures through linkages that were not very different from those already present. The procedure was relatively rapid and could be carried out under neutral or slightly alkaline conditions and was therefore much less drastic than methods used to modify proteins up to that time. Furthermore the excess of the phenyl-and related wocyanate reagents reacted with water to give an insoluble substance that could be readily removed. This method for marking proteins remained in general use until C. R. Harington and his co-workers introduced a method whereby carbohydrate-containing groups could be joined to protein through a tyro sine group, which was itself attached to the protein by a peptide linkage. These methods were capable of being applied as a general technique in a field of research, that of ascertaining the function of carbohydrates in the specificity of bacterial antigens, which was being rapidly developed by many workers at that time.
Soon after Wormall returned from the United States he was invited by the Colonial Office to study human trypanosomiasis in Uganda and East 547 Africa. He obtained leave of absence from the University and, with his wife, spent a very happy and interesting year in Entebbe. His investigations were mainly concerned with devising a reliable diagnostic test for the disease, and studying the carbohydrate metabolism of patients with trypanosomiasis. He first worked with J. M. Wallace of the Human Trypanosomiasis Institute in Entebbe, on the phenomenon in which red-blood corpuscles adhere to the trypanosomes and completely envelop them, the so-called 'red-cell adhesion' test. An attempt was made to separate the various steps and components taking part in the adhesion reaction. The problem was difficult, but it was possible to establish certain requirements: first, that the red-cells were those from a primate; second, that the plasma or serum used in the test as a source of 'adhesin' came from an animal that had had trypanosomiasis of long standing, or from an infected animal that had been treated with trypan ocidal drugs; and third, that the trypanosome in the trypanosome-containing plasma was related to that which produced the adhesin. As developed by H. L Duke and J. M. Wallace and used in field tests the red-cell adhesion test was of great value, but in order to understand the mechanism of the reaction more exactly it was necessary to standardize the reagents and conditions of the test more rigorously. Washed human group O cells were introduced to avoid the haemagglutination that occurred when certain human or monkey sera were used. A 'laboratory standard' adhesin derived from the serum of selected monkeys was introduced and trypanosomes, washed free from plasma protein with citrate-Ringer-glucose, were employed as part of a standardized procedure for carrying out the adhesion test. It soon became evident that a complement-like component ('X ' factor) present in the plasma and serum was an essential requirement for red-cell adhesion and that old, heated or filtered adhesin-containing serum lacked this factor. There can be little doubt that WormalPs past experience in the more quantitative aspects of immunological reactions allowed him to see clearly the type of improvement needed, and he was thus able to introduce several useful modifications in the test and, by this means, to devise a satisfactory and reliable procedure for the diagnosis of trypanosomiasis in man and cer tain other animals. Wormall often spoke of the difficulties he encountered, and particularly enjoyed telling of how he worked, ' . . . under a banana tree with a native boy to turn the hand centrifuge'. This experience made him impatient with those who demanded more and yet more expensive equipment before they could start work! In view of the contention of several authors that in trypanosomiasis hypoglycaemia plays a part in the decline of the infected host, Wormall carried out repeated blood-sugar determinations on sleeping sickness patients heavily infected with T. g a m b i e n s e and concluded relationship between blood-sugar level and the presence or absence of trypanosomes. Indeed glucose tolerance tests also indicated that there was no very great impairment of the capacity of the liver to deal with glucose.
Wormall and his wife lived in a bungalow overlooking Lake Victoria. They quickly became accustomed to their new home and greatly enjoyed the vigorous social life surrounding them, and the activities of the Country Club which involved a good deal of cricket, tennis and golf. They never ceased to wonder at the exciting views in the evenings across the lake where terrific storms could be seen. Most of the time Wormall worked in Entebbe, but for one short period he visited the Congo for special investigations. Their stay in East Africa was most enjoyable, and Wormall and his wife always looked back with interest and affection to the time they spent there. When the time came to return, Wormall had to do some serious thinking, for he was quite undecided whether to join the Colonial Service or return to academic life in England.
For a long time after he returned to England he continued to be interested in problems associated with the treatment of trypanosomiasis and published a series of papers in The Biochemical Journal with W. G. Dangerfield, W. E. Gaunt and J. C. Boursnell, on the persistence of the prophylactic drug, Bayer 205 (Germanin, Antrypol, Suramin) in the animal body. These investigations entailed the establishment of a reliable method of measuring the drug in the presence of large amounts of plasma proteins, and led Wormall to conclude that the retention of the drug in the blood-stream after injection, and its prolonged protective effect against trypanosomiasis was due to its combination with plasma proteins, rather than to any special capacity of the body to store the drug in the main organs.
In later years Wormall and his colleagues, G. E. Francis, B. W. Town, E. D. Wills, T. E. Banks, W. Mulligan and Hilary Dewey, continued to work on and publish improved methods for, the determination of trypanocidal drugs in plasma, and on the action of Suramin on serum proteins and enzymically active proteins, including proteolytic and non-proteolytic enzymes. Suramin inhibited hexokinase, urease, yeast decarboxylase, succinic dehydrogenase and trypsin strongly at concentrations similar to those maintained in the blood plasma of patients receiving treatment, whereas a recently introduced trypanocidal drug, Antrycide, was found to have no inhibitory action on urease, succinic dehydrogenase and other enzymes, including trypsin. Among his last contributions to this field of study were papers in 1950 with E. D. Wills on the determination of the iso-electric point of enzymes by reaction with Suramin. The method was not applicable to all enzymes, but where it could be used it had the great advantage of being simple and rapid, and applicable to crude enzyme preparations.
In 1936 Wormall was appointed Professor of Biochemistry and Chemistry at St Bartholomew's Hospital Medical College, and moved from Leeds to London. Llere the task of developing a new department occupied much of his time, but he nevertheless managed to maintain his immunochemical work and completed investigations, started earlier in Leeds with W. E. Gaunt, on the changes induced in serum globulin, egg albumin and insulin by benzyl chloroformate. This reagent was used in 1932 by Bergman and Zervas to 549 react with and protect the amino group in amino acids by forming a carbobenzyloxy derivative. The substituent could be readily removed by catalytic reduction with hydrogen to regenerate the amino group. It was found that benzyl chloroformate reacted with the free amino groups in proteins, and the reaction of the carbobenzyloxy-proteins formed, with their antisera, was inhibited by carbobenzyloxyamino acids. The reagent completely destroyed the hypoglycaemic activity of insulin and mice injected with relatively large amounts of carbobenzyloxy-insulin behaved like control animals when subsequently treated with a 'convulsive' dose of insulin. The animals showed no significant hypo-or hypersensitivity to insulin, and their sera contained no detectable antibodies to carbobenzyloxy-insulin or carbobenzyloxygelatin.
As a part of his studies on the action of various chemical reagents in modifying the serological specificity of proteins Wormall, before he left Leeds, had become interested in the action of mustard gas (di-2-chloroethyl sulphide) and related vesicants on tissue constituents.
It had been suggested that these compounds reacted with amino acids present in the skin, that is, with constituents of the living cell; and indeed compounds of the amino acid glycine with mustard gas and with the corre sponding sulphone had been obtained several years earlier by Cashmore and McCombie, though not by reaction under physiological conditions of temperature and pH. It was also suggested that the sulphone, a far more active vesicant than mustard gas itself when injected subcutaneously, might be the active vesicant, and that the sulphide owed its vesicant properties to its greater ability to penetrate the skin and to its subsequent oxidation to the sulphone within the tissues.
Together with I. Berenblum, Wormall extended these earlier observations by investigating the action of mustard gas and its sulphone on serum proteins under physiological conditions. Rabbits injected with mustard gastreated horse serum proteins produced antisera which reacted with mustard gas-treated rabbit serum proteins; similarly injection of horse serum proteins treated with mustard gas sulphone yielded antisera capable of reacting specifically with other proteins that had been treated with the sulphone, but there was no cross reaction between these antisera and proteins treated with mustard gas itself.
As early as 1937 Wormall had considered the possibility of using isotopic tracers in immunological investigations, and in 1938 he planned to use isotopes in a continuation of his work on mustard gas and related com pounds, with particular reference to a possible immunological interpretation of their mode of action. With the assistance of the late Professor F. LI. Hopwood and T. E. Banks, of the Physics Department of the Medical College, he made a preliminary assessment of 35S, 36C1, 38C1 and deuterium. The rapid decay of 38C1 (37 min half life) and the very long half life of 36C1 (3 X 105 years) and its difficult preparation rendered these two tracers un suitable for general use, and in particular for labelling mustard gas and Arthur W similar compounds where there was every probability of the label being lost as chloride ion on reaction with tissue constituents; but 35S and deuterium were considered to be suitable for the problem in hand. The idea was to introduce both these markers into mustard gas and its sulphoxide and sulphone derivatives, and to use these labelled molecules to detect and measure small traces of the substances reacting in vitro with tissue constituents, and to trace their fate in living tissues when administered to the intact animal.
Together with G. E. Francis and J. C. Boursnell, and with the continued collaboration of T. E. Banks and F. LI. Hopwood on the physical aspects of the problem, he commenced a series of investigations which were to last throughout the war years, and which were also to bring him into close collaboration with M. Dixon, G. D. Greville, J. A. Cohen and other workers at the Sir William Dunn Institute of Biochemistry, when the preclinical part of the College was evacuated to Cambridge in 1939.
'Deutero-mustard gas', with about 99% of its hydrogen replaced by deuterium, was prepared in 1938, but owing to difficulties encountered in the accurate determination of deuterium, at the same time as the work with 35S was developing in a promising iashion, it was not used at that time. It was, however, used some years later to prove conclusively that in its reaction with amino acids mustard gas sulphone is first converted to divinyl sulphone, which then undergoes an addition reaction with the amino acid, resulting in the loss of one deuterium atom per chloroethyl group whereas none would be lost in a direct nucleophilic substitution reaction occurring between the chloroethyl and amino groups.
At this time of course radioactive isotopes and equipment for their measurement were not available commercially, and information about 35S was very meagre at the outset. The isotope had been described in 1936 by E. Buch Andersen, but it was generally considered that the low penetrating power of its weak /8-particle emission rendered it quite unsuitable for quantitative work. For some time the only 35S available was very weakly active material which Wormall and his co-workers made by irradiation of carbon tetrachloride with neutrons from a radium-beryllium source, but with the aid of sensitive Geiger-Muller counters developed by T. E. Banks a useful start was made with this material. By 1940 it became possible to use fast neutrons from the Cavendish cyclotron and million volt h.t. set, and in 1941, after America had entered the war, more active material still was obtained from the cyclotron at Berkeley, California.
At first the reactions between proteins and mustard gas or its sulphone were repeated with the radioactive reagents, and the extent of combination with various proteins was determined under different conditions. Next an attempt was made to discover why some individuals became sensitized to mustard gas, and in what way a very labile system such as complement was inf] uenced by this reagent. Wormall himself suffered at this time from a series of painful lesions in his nose which were almost certainly a local allergic reaction to mustard gas sulphone. Although both his colleagues had minor 551 3« mustard gas burns as a result of their inexperience at this stage in handling the material, he was the only one unfortunate enough to become hyper sensitive.
The preparation of a number of amino acid derivatives of mustard gas sulphone under physiological conditions, and the use of these and of the glycine-mustard gas compound (which could not be obtained under physio logical conditions) as haptenic inhibitors of the precipitin reaction between mustard gas-or sulphone-treated proteins and their antibodies, further revealed a fundamental difference between the actions of mustard gas and its sulphone. Whereas the sulphone appeared to react with free amino groups in proteins to form cyclic 1,4-thiazan-1,1-dioxide derivatives, mustard gas did not do so; in fact the only change in the protein structure demonstrated after reaction with mustard gas was a loss of sulphydryl groups.
Although the investigation indicated that on injection into animals mustard gas and its sulphoxide and sulphone derivatives combined with widely different tissues, and that much of the 35S was excreted in the urine and bile, there was no evidence for any in vitro reaction between amino acids or proteins and the sulphoxide. From a series of eight papers published together in The Biochemical J o u r n a l , it is possible to appreciate the extent and thoro ness with which these investigations were undertaken, and it is clear that in the preparation and use of reagents carrying the radioactive isotope 35S and deuterium, Wormall and his co-workers were among the pioneers in the use of tracer elements in immunochemical studies. In fact, although he realized the difficulty of substantiating such a claim beyond any doubt, Wormall believed, on very strong evidence, that his team was actually the first in Great Britain to use artificial radioactive tracers in any biological investigation of any kind. Wormall was very conscious that any successes that were achieved during these difficult war years owed much to many scientific colleagues outside his own team, the late Professor F. LI. Hopwood, Professor (now Sir Rudolph) Peters, Dr M. Dixon, Professor N. Feather, Sir James Chadwick, and others associated with the cyclotron teams at Berkeley, Liverpool, and Cambridge, who either in general discussion of the problem with the team or by maintaining in some way the supply of 35S enabled the whole investigation to go forward.
In view of the fairly widespread clinical use of the nitrogen mustards for the treatment of Hodgkin's and certain other neoplastic diseases, Wormall, with Denise Richards and G. E. Francis, also investigated several years later the reaction of nitrogen mustards with plasma proteins. In this work also isotopic methods were used. In collaboration with V. C. E. Burnop a typical nitrogen mustard (di-2-chloroethylmethylamine) containing the stable isotope I5N was prepared for measurement of the extent and firmness of combination. At pH 7-4 a very rapid combination occurred, the extent of combination being little changed if the nitrogen mustard was kept up to 4 h at 37 °C at pH 7-4 before allowing it to react with protein, and the bound nitrogen mustard was firmly retained in the complexes. It therefore seemed probable that nitrogen mustard injected intravenously, as in the treatment of Hodgkin's disease, became extensively bound to tissue proteins. As with mustard gas itself the reaction was not with free amino groups but rather, since the extent of reaction was negligible below pH 4 and increased continuously up to pH 9, with carboxyl and imidazol groups.
With Winifred M. Watkins, Wormall also attempted to determine whether antibodies specific for nitrogen mustard were produced by repeated injection of nitrogen mustard or nitrogen-mustard-treated proteins; a positive antibody response might indicate the possibility of hypersensitivity occurring in patients subjected to prolonged treatment with nitrogen mus tards. Antibody production in rabbits injected with nitrogen mustard-treated proteins, however, was very weak and infrequent, although the complexes of nitrogen mustard with serum proteins are comparatively stable. They con cluded that the risk of hypersensitivity arising during treatment with in travenous nitrogen mustard is probably slight. The work on the action of nitrogen mustard in vivo and in vitro on haemolytic complement was vestigated. In vitro the reagent rapidly inactivated complement, but it did not affect the haemolytic complement activity of the serum on intravenous in jection into guinea-pigs. Neither was the complement activity of a number of patients receiving intravenous nitrogen mustard depressed.
With the cessation of hostilities, Wormall brought back his Department to the Medical College in Charterhouse Square, London, and further developed the use of radioactive tracers in immunological investigations. Together with J. C. Boursnell, Hilary Dewey and G. E. Francis, he considered the pos sibility of making antisera to phosphorylated proteins and determining the total phosphorus and radiophosphorus in specific serological precipitates obtained when these sera were treated with mixtures of two closely related antigens, e.g. phosphorylated ovalbumin and phosphorylated serum globulin, one marked with 32P and the other carrying ordinary phosphorus. However, phosphorylated serum proteins, unlike phosphorylated oval bumin, lost their phosphorus rapidly in slightly alkaline solution at 37 °C, and when injected into rabbits produced antibodies which were almost entirely anti-protein, the antisera reacting only weakly with phosphory lated heterologous proteins. The investigation nevertheless established the corditions for the measurement of radio-P in specific precipitates. The injection of 32P into hens and the separation of 32P vitellin from the eggs laid by the hens was successful and gave labelled vitellin and lipovitellin for use in the determination of antigen-antibody ratios in specific precipitates.
By measuring the 32P and total phosphorus content of the lipovitellin antigen and of the specific precipitate produced by reaction of lipovitellin with an antiserum to lipovitellin, both before and after extraction with lipid solvents, it was shown that the specific precipitate contained a higher lipid-P/Protein-P ratio than did the antigen. From this observation, and also the fact that the antisera developed a thick precipitate and lost their ability to react with lipovitellin when stored at 4 °C, but not when lyophilized, he deduced that much of the antibody in these sera was directed against the lipid rather than the protein part of the antigen.
With G. E. Francis and W. Mulligan, Wormall also investigated the antigen-antibody reaction, using as antigens iodinated proteins and mustard gas sulphone-treated proteins containing the radioactive isotopes I3II and 35S respectively, radioactive 3,5-di-iodotyrosine and mustard gas sulphone-amino acid compounds as haptenic inhibitors, and antisera to proteins containing one or other, or both, of these haptenic groups. He showed that the serological properties of antigenic proteins were only minimally affected by labelling with traces of radioactive iodine, and that antibodies could also be labelled, without seriously affecting their specific precipitability, with small amounts of radioactive iodine or mustard gas sulphone, although in the latter case the label was somewhat unreliable since significant increases in the amount of protein precipitated from the antiserum by the antigen were obtained.
By analysing the unwashed specific precipitate produced by the reaction of a heavily iodinated protein with antibody to iodinated protein in the pres ence of radioactive di-iodotyrosine and heavy water, and using the deu terium measurement to assess the amount of free hapten in the wet precipitate, they showed that none of the hapten is bound in the precipitated antigenantibody complex; that is, that none of the antibody molecules was com bined simultaneously with antigen and hapten, a somewhat surprising result if antibodies are genuinely bivalent. The reaction between an antiserum to sulphone-treated iodinated protein and a sulphone-treated heterologous noniodinated protein antigen was also inhibited by di-iodotyrosine to a significant extent, by a sulphone-tyrosine compound to a greater extent, but most of all by a sulphone-di-iodotyrosine compound. When this antiserum was allowed to react successively with iodoprotein and sulphone-protein it was also found that some antibody was apparently precipitated by either antigen. From these and other observations they inferred that the antibodies contained at least some specific combining groups that were directed in part against the sulphone groups in the antigen and in part against the di-iodotyrosine groups, although these could only have been in close proximity in the antigen molecule where lysine and tyrosine residues happened to occur close together. They considered that such relatively large antigen combining sites on the antibody molecule might under certain circumstances act as a single large reactive site and under others as two smaller sites, with a different type of antigen-antibody binding in the two cases, resulting in the insoluble and soluble types of complexes according to whether antibody or antigen is in excess in the reaction mixture. It is interesting to note that although the concept of the bivalency of antibody molecules is now almost universally accepted, recent electron micrographs of horse spleen ferritin antigenantibody complexes suggest that antibody molecules appear to 'hinge' in the middle, and in their closed form the two combining sites may in fact come into close proximity.
In attempts to obtain further insight into the the process whereby injected antigens induce the liberation into the circulation of specific y-globulin antibodies, Wormall with his colleagues, G. E. Francis, W. Mulligan and J. D. Hawkins, also studied the elimination from the circulation of normal and specifically immunized animals of antigens labelled with radioactive isotopes, and of their subsequent deposition in various tissues.
Proteins such as vitellin, which would tend to precipitate at the ionic strength of plasma, and highly modified proteins such as heavily iodinated or sulphone-treated serum proteins, were rapidly eliminated from the cir culation of normal rabbits, and even more rapidly from immune rabbits. Large proportions of the eliminated proteins were located in the lungs, spleen and livers, particularly of the immune animals. When foreign serum proteins were used with only the minimum of chemical modification, e.g. by trace-labelling with I3II, they disappeared at a slow exponential rate in normal rabbits, mainly by extravascular diffusion, with a half life of 3 to 4 hours, but in immune animals a very rapid elimination rate with a half life of only a few minutes was superimposed upon this slower reaction. When small amounts of antigen only were injected, 80 to 90% disappeared from the circulation within a few minutes. This rapid elimination was not observed at periods less than ten days after an immunizing injection, and was attributed to an in vivo precipitin reaction when antibodies first appear in the plasma, followed by phagocytosis of the precipitated complex. By a comparison of the amount of antigen removed by this fast reaction with the amount of circulating serum antibody in immune animals, they also showed that considerable amounts of non-plasma antibody were available for rapid reaction with injected antigen in actively, but not in passively, immunized animals. The presence of active but non-circulating antibody was also inferred from the observation that animals immunized with iodoprotein also lost radioactive hapten, di-iodotyrosine, from the circulation at a faster rate than did normal animals.
In the late 1940s the radioactive isotope 65Zn became available in multimillicurie amounts, and Wormall turned his attention to the metabolism of this important trace element, and with T. E. Banks and R. L. F. Tupper he devised methods of separating high specific activity 65Zn from the target material and of measuring the isotope in animal tissues.
The rates of elimination of Zn from the circulation and the sites of its retention by the tissues were determined after intravenous injection of sus pensions of zinc carbonate and phosphate and an emulsion of serum with a triacetin solution of a zinc-diphenylthiocarbazone (dithizone) complex. The largest amount of Zn was found in the lungs, as much as 80% of the Zn injected as the zinc dithizone complex. The leucocytes were found to take up considerably more 65Zn than the erythrocytes. The stroma contained little 65Zn, almost 90% of the isotope in the erythrocyte being associated with the water-soluble protein. There was a rapid exchange of Zn between erythrocytes and plasma. In hens an appreciable amount of the isotope, 555 after intramuscular injection of a zinc-glycine complex, appeared in the egg-yolk but not in the egg-white and shell fractions. In the yolk the Zn was associated with the lipovitellin and attached to the protein component, vitellin. It was pointed out that Zn is an important trace element and is needed by the developing chick for the production of carbonic anhydrase and other proteins (Tupper, Watts & Wormall 1951) . In an attempt to deter mine specific deposition of radioactive Zn in malignant tissue, 65Zn was injected into mice with spontaneously occurring mammary tumours and into non-tumour-bearing mice. The tumour tissue took up and retained con siderably more of the injected 65Zn than did normal mammary gland tissue. Among some of the last aspects of the subject studied by Wormall was an investigation of the zinc content of erythrocytes and leucocytes from normal and leukaemic subjects, measured by neutron activation analysis. With Elizabeth Dennes and R. Tupper he showed that the zinc content of leucocytes from leukaemic persons was significantly lower than that of leucocytes from normal subjects. On the other hand the normal erythrocytes seemed to contain less zinc than did the erythrocytes from leukaemic patients.
In 1949 Wormall and Francis decided to use their long experience in isotope methodology to organize a lecture and practical course on the use of stable and radioactive isotopes in biological investigations, as part of the intercollegiate B.Sc. (Special Honours) degree course in physiology of London University. This course was continued annually for about fifteen years and was attended, in addition to undergraduates, by many distinguished scientists from all over the world. Arising directly from this Wormall was invited in 1952 by the University of Sao Paulo, Brazil, to organize the first Latin-American course in radioisotopes. His endeavours were much appreciated, and the course was attended by thirty-one scientists from ten countries in Central and South America, and his pioneer work was recognized in 1953 by the conferment on him of a Doctorate honoris causa by the University of Sao Paulo.
During the decade before 1939 the biochemical techniques for the accurate assay of certain vitamins in plant and animal tissues had developed rapidly, and attempts were being made at that time to assess the clinical significance of in vivo concentrations of certain vitamins. In 1939 Wormall, with A. E. Mourant and R. J. Harrison, commenced a survey of the level of nutrition in a group of medical students on a war-time diet. It was hoped to include several vitamins in the survey, but for various reasons it had ultimately to be confined to vitamin C. The work was continued with G. E. Francis throughout the war years. The investigation showed that individuals saturated with ascorbic acid will not necessarily have some months later an advantage, in terms of the saturation test, over those individuals who were not originally 'saturated' with the vitamin; the vitamin presumably could not be stored in the body.
From 1950 onwards Wormall and R. M. B. MacKenna of the Department of Dermatology of the Hospital, and their colleagues, V. R. Wheatley and Barbara Boughton, made a long series of investigations on the composition of sebum, the lipid material secreted by the sebaceous glands, its role in maintaining the health of the skin and the influence on its secretion of various pathological conditions and the administration of various drugs. Methods for the collection of sebum and its analysis were greatly improved. It was found that about 10 to 25 mg/h was secreted by the skin area of two forearms that had been freed from sebum and fatty substances by immersion in acetone. A mixed sebum specimen from 107 subjects contained about 29% free fatty acid, 36% combined fatty acid (glycerides, waxes and other esters) and 32% unsaponifiable. A most interesting finding was that squalene and vitamin E were present in significant amounts, but that squalene when applied to the skin of subjects suffering from certain skin diseases was without therapeutic value. The vitamin E, or a closely similar substance, was con sidered to act as an anti-oxidant, and it was suggested that its presence would help to retard the oxidation of unsaturated fatty acids and related compounds. Beyond this stage the general problem appears not to have been pursued.
Like most other senior members of university staffs, much of Wormall's time was taken up with administrative duties and committee meetings. He frequently protested at the amount of time wasted on such meetings, but there can be no doubts that his work in this connexion was of very great value to the Hospital, the College, and the University. For many years he served the Hospital and College as a member of the Board of Governors and the College Council. His wise counsel was frequently sought on matters connected with development within the Hospital and College, and his influence was widely felt in departments other than his own. He was one of the principal advocates, immediately after the war, of buying up all the vacant land possible adjacent to the College premises; subsequent events have proved how right he was in pressing this policy, often against strong opposition. The expansion which the College premises have undergone in recent years would have been quite impossible without the land once referred to by some as 'Wormall's Folly'! Although always a very busy man he was never too busy to spare gener ously of his time to any who came to him for advice or assistance, and he was a great source of inspiration to many in their work. Moreover, he took a very deep and personal interest in the affairs of all his staff. To everyone he was far more than simply 'The Prof'. He was a friend whose loyal support and help could always be relied on. He was a very great gentleman; no one was too insignificant for his attendon. Anyone coming to him for help in any matter, personal or professional, whether he were a colleague, a student, a technician, or one of the cleaners, was assured of the same courteous attention, sound advice, and assistance if it was humanly possible. Although several of his contemporaries possibly achieved academic distinction com parable with his it is doubtful if many, or any, people in a similar walk of life achieved the same degree of widespread respect and love. The affection 557 in which he was universally held is well summed up by the remark passed to one of his staff by a colleague in another department: ' . . . the one thing in your department that we all envy you is-your professor!' Although his professional achievements were considerable it is un doubtedly the man himself who will be the more remembered by most. His friends will remember him for his unfailing cheerfulness under adversity: in spite of all the difficulties and exasperations that beset him in running his Department under the conditions of war-time evacuation his cheerful optimism was never clouded-at least in public. His prolonged boms of ill health over the years would have given him plenty of excuse for develop ing a short temper, but he never did. For many months at one time he had to conduct all the business of his Department in Cambridge from a bed in St Bartholomew's Hospital in London, from which he was not allowed to stir until he had completely recovered from a kidney infection following a partial gastrectomy. For one normally so active this must have been a great trial, but his letters never showed it. At all times he was also extremely appreciative of, and never neglected to express his gratitude for, the work his colleagues carried out on his behalf during his absences. For many years he had to be careful not to over-exert himself-a very difficult thing for him to do-because of a high blood pressure but when, as happened on quite a number of occasions, he had to be rested in a hospital bed for days or even weeks at a time because of a troublesome and persistent tendency to develop nasal haemorrhage, he would always dismiss it quite nonchalently by remark ing that his safety valve had blown again! In December 1955 he suffered a cerebral thrombosis which kept him away from his work for nearly a year--in itself a great trial for one whose life was so wrapped up in his work. Although he made a very good recovery he was left with a partial paralysis on one side, which he fought gallantly and with considerable success to overcome, but he never again showed quite the same keenness of perception which had been his. He needed a good deal of help and support during the latter years, and it is perhaps one of the sincerest tributes to the man that no one ever begrudged him it in the slightest degree. To many it was but a small opportunity to repay some part of the debt of gratitude they owed him for all his kindness and help in the past. It was a sad blow to all his friends when a final stroke in April 1962 laid him in bed completely speechless and paralysed, as he remained until he mercifully died just over two years later on 9 May 1964.
Wormall always set himself very high standards in everything he under took, but took little pride in having lived up to them. In fact they were so natural to him that at times he quite genuinely found it difficult to under stand why others failed to achieve them also. The things in which he did take pride were his smaller achievements, such as the fact that when he wrote a scientific paper it always required the very minimum of editorial correction; he was a great admirer of Sir Winston Churchill, and always tried to emulate him in his writing.
Arthur W
As a Yorkshireman and a cricketer he was probably as proud of his election to the M.C.C. as he was of his election to the Royal Society, which occurred in the same year, 1956. He took a boyish delight in his ability to toss a cricket ball, roll it around his wrist and catch it again back-handed; his lab-coat pocket usually contained a golf ball or a couple of horse chestnuts with which he would often absent-mindedly practice while talking to some one in the laboratory. He delighted in his ability to solve mathematical conundrums and problems of deductive reasoning-he would frequently carry out mathematical calculations in his head while others used a slide rule. He was immensely proud of his family, and of his two daughters, whom he missed very deeply when they both married Americans and went to live in the U.S.A. He was immensely proud of the reputation of Bart's, and resentful of any action which, in his opinion, was unworthy of its good name. It would probably not be true to say he was proud of his friends, for he was far too modest to realize that his immense circle of friends was due entirely to his own kindliness and courtesy, his own friendliness towards all; but certainly he himself was a friend and colleague of whom to be proud.
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